INTRODUCTION
Time-domain simulation of complex acoustical systems, such as the clarinet, can often be a powerful tool to supplement frequency-domain descriptions. This may be especially true when the system under study involves significant nonlinearities and when large amplitude and transient oscillations are studied. Ideally, a simulation model should match the actual physical system it represents as closely as possible in order to permit a study of subtle as well as gross functional behavior. We review briefly previous studies of the clarinet that generally have shown a progression from simpler to more complex models. Backus (1963) was the first to develop a successful mathematical theory which described small oscillations in a clarinet. He assumed a constant blowing pressure at the mouthpiece, treated the reed as a damped, simple harmonic oscillator, and dealt with the case where the reed was driven by small-amplitude, sinusoidal oscillations of the air column. Backus was able to obtain a number of significant results, such as expressions for threshold blowing pressure, and frequeney shift in the tone due to a phase shift in the reed vibrations relative to the mouthpiece pressure. Furthermore, he was able to obtain very good agreement between his theoretical and experimental results. Benade and Gans (1968) were the first to investigate the nonlinear aspects of the clarinet. In their work, they developed a qualitative, nonlinear theory for oscillations in wind instruments. Later, Worman ( 1971 ) developed the mathematics to handle the nonlinear theory for the clarinet. He treated the reed as a damped, simple harmonic oscillator, as Backus had done, but he also considered nonlinear flow through the reed aperture. The nonlinear function describing flow was expanded in a power series, which was then truncated in order to keep the algebra tractable. Worman then used the truncated expansion to study a tube with one resonance and one antiresonance. With this model, he was able to obtain good agreement between theory and experiment. Schumacher (1978) Only steady-state oscillations were studied in the work mentioned previously. In another study of the clarinet, Stewart and Strong (1980) treated the clarinet reed as a nonuniform bar clamped at one end, which seems to be a more realistic representation. They represented the clarinet simply as a straight cylindrical tube with no tone holes to which a tapered mouthpiece was attached. Schumacher (1981) applied the method of Mcintyre and Woodhouse (Mcintyre et al., 1983 ) to study fairly realistic systems. Schumacher treated the reed as a simple harmonic oscillator and then developed an efficient method of calculating the convolution of the impulse response function with the volume velocity to obtain the mouthpiece pressure. The method represented significant improvement in calculation efficiency, and greatly enhanced the possibility of numerically studying a fairly realistic clarinetlike system. Transient and steady-state phenomena were simulated in both the Stewart and Schumacher studies.
In all the work mentioned previously, no consideration was given to the effect the player's air column might have. The player was simply represented by a constant pressure source. Mooney (1968) conducted an x-ray study in which he concluded that the shape of the vocal tract influenced the tonal spectrum of the clarinet. Clinch et al. (1982) published the results of a study in which the shape of the vocal tract was monitored with low-energy x-ray techniques. Using this approach, they studied the spectra of various clarinet and saxophone tones and concluded that the vocal tract resonance frequencies must be properly adjusted to obtain good tone production. Benade and Hoekje (1982) and Benade (1983) studied the relationship of the input impedance of the player's air column to the reed impedance, the reed transconductance, and the clarinet impedance. They were able to demonstrate that the upstream impedance of the player's air column should be important in tone production when it is comparable in magnitude to the downstream impedance of the instrument's air column. Benade (1983) A precursor to the present study (Strong and Sommerfeldt, 1986; Sommerfeldt, 1986, Appendix A) was motivated by the results of a study of vowel production by Allen and Strong (1985) who studied the interaction of the subglottal system with the glottis and supraglottal system in vowel production. The glottis was represented using a parametrized glottal area function developed by Titze (1984) . The supraglottal system was represented by its impulse response and the supraglottal pressure was calculated as the convolution of the impulse response with the glottal airflow. Allen and Strong found that there was significant interaction between the subglottal system, the glottis, and the supraglottal system.
In the present study, we have developed a time-domain simulation model and applied digital simulation techniques as a means of studying the effects of the PAC impedances on pressures and flow in a clarinetlike system. An effort has been made to incorporate several of the approaches discussed previously, thereby hoping to incorporate as many of the important features as possible, while still being able to deal with the model computationally. The model is valid for both small-and large-amplitude reed oscillations, and is capable of giving insight to questions concerning the vibration of the reed and damping due to the player's lip. The simulation incorporates a model of the PAC as well, so that questions regarding the influence of the PAC can be investigated. reed rest opening. It will be seen that the two curves agree reasonably well, particularly for larger rest openings. The discrepancies for smaller reed openings could result from a different reed stiffness or a different mouthpiece curvature lay between our model and the setup used by Backus.
In early simulation runs of the model, reed-opening waveforms having too many high-frequency components were obtained. We inadvertently discovered that the problem was made worse if the tube impulse response was scaled by a factor greater than 1. This led us to try scaling the impulse response by factors ranging from 0.4 to 0.8. We arbitrarily chose a scaling factor of 0.5 for the simulations because it gave reed-opening waveforms visually most similar to the experimental waveforms. There is some justification for this seemingly ad hoc procedure. Backus ( 1981 ) reported an anomalous behavior of a clarinetlike system which lowered the quality factor of the system by about a factor of 2 at amplitudes typical of•playing conditions. Keefe (1983) Waveforms for a constant mouth pressure of 33 000 dyn/cm 2 are shown in Fig. 12 . There is quite good qualitative agreement between the reed waveforms obtained numerically (Fig. 12) and experimentally (Fig. 3) . The reed is closed for about half of each cycle, as found experimentally for the beating reed case such as this. The reed opening waveform tends to mirror the tube pressure waveform as well, which is to be expected, since the reed is operating well below its resonance frequency, in its stiffness-controlled region. The reed opening spectrum shown in Fig. 13 exhibits a In spite of the foregoing limitations, we feel that the model developed shows considerable potential for the study of many of the issues dealing with the clarinet. It seems to behave rather well with respect to the threshold blowing pressure. The reed area waveform was similar to the experimental waveform. The waveforms and spectra seem quite realistic. Several experimentally observed phenomena, such as enhancement of the fourth harmonic in the mouth-pressure spectrum and the decoupling of spectra between mouth and tube, were generated in the simulation.
In the simulation, the vocal tract was demonstrated to be capable of influencing some spectra of the clarinet. Many of the data obtained show only subtle differences between different tract configurations, but some cases with more obvious differences were also found. An/i/-tract PAC appears capable of affecting particularly the partials in the region of 800-1100 Hz. This may well be part of the reason why many clarinet teachers teach their students to use an/i/configuration in the higher register, and an/a/configuration in the lower register.
In the future, an effort should be made to obtain more appropriate parameters for the model and to employ them in various combinations. More experimental data from the actual system being modeled should be obtained with which to compare numerical results. It may be beneficial to add a speaker hole to the instrument to study the clarion register as there may be additional effects in that register which are not apparent in the chalumeau register studied. 
